All 23 adult Canadian implantable cardioverter defibrillator implantation centers were surveyed to identify centers that routinely capture anteroposterior or posteroanterior (AP) and lateral x-rays within 2 weeks of implant and at least AP x-rays at the time of fracture identification. Eight of those centers collected those x-rays routinely. All eligible centers agreed to participate in the study. Centers were
C ardiac implantable electronic device performance has come under intense scrutiny in an era of comparative outcome reporting. [1] [2] [3] [4] [5] Factors that contribute to system durability include patient, system, and implant contributors. 1 These have been carefully evaluated in multiple formats focusing on lead fracture rates and insulation factors, most notably focusing on system design and component contribution to product advisories. Product performance reports by definition provide summative evaluation of system performance and reliability. Registry reports have largely focused on outcomes in a defined product's patient population, with limited implant related data beyond vein access. [6] [7] [8] [9] [10] We sought to determine detailed lead-related implant factors that contributed to risk of fracture in the Medtronic Fidelis lead advisory population, using a case-control detailed radiographic analysis.
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Methods
Study Design
We conducted a retrospective case-control study of patients with Fidelis lead fractures at 8 Canadian centers to determine the impact of pocket configuration, vascular access, and intravascular lead course on fracture risk. Cases were selected from centers that conducted routine radiographic baseline and fracture anterior posterior (AP) and lateral chest x-rays, matched to controls free of fracture. Cases had a clinically diagnosed Fidelis lead conductor fracture (fracture group) and were matched one-to-one for date of implant, age, sex, and center to patients with normally functioning Fidelis leads from the same center (control group). known to have variable fracture rates based on a recent report. 2 The protocol was approved by the Research Ethics Board at each participating center.
Patient Selection
All patients from 8 centers with a confirmed lead fracture, existing set of good quality x-rays (AP and lateral) taken within 2 weeks of implant, and existing AP x-ray at the time of fracture identification (with lateral x-ray if available) were included in the study. Controls were sex matched, based on date of implant within ±6 months, and closest in age.
Data Collection
For each patient in the study, the following existing data were deidentified and collected: (1) x-ray pairs (AP and lateral) acquired within 2 weeks of implant, (2) save-to-disk file or equivalent chart data from the implantable cardioverter defibrillator interrogation during followup, and (3) select chart data. For the fracture patients, an AP x-ray (and lateral if available) obtained at the time of fracture identification was also deidentified and collected. Chart data collected included sex, age at implant, height, weight, cardiovascular history, left ventricular ejection fraction, implant type (new, upgrade, revision), device type (single or dual chamber, cardiac resynchronization device), pocket location (submuscular, subcutaneous, submammary), access vein, device anchoring, use of the anchoring sleeve, lead tip location, presence of other lead(s), lead model and length, and type and length of introducer used.
Lead Fracture Definition
The fracture criteria were clinical decision to remove the Fidelis lead from service and one or more of the following: (1) sudden rise in pacing impedance (>50% rise in 1 week) or fluctuation (≥500 ohm), (2) sensing integrity counter >10/d (or 300/mo) and ≥2 nonsustained tachycardia events with average R-R cycle length <220 ms, (3) inappropriate shock secondary to sensing of electric noise artifacts from make-break potentials, (4) sudden rise in defibrillation impedance (>50% rise in 1 week). A loose set screw was excluded at replacement or generator change. Each patient's save-to-disk file or equivalent chart data was reviewed by the study analysts to adjudicate lead status.
Returned Lead Analysis
A total of 19 leads in the study were extracted and returned to the manufacturer for analysis. Nondestructive analysis was performed on all 19 leads. The distal pacing conductor was fractured for 5 leads, the proximal sense conductor was fractured in 8 leads, and conductor fracture could not be detected with nondestructive testing in the remaining 6 leads.
Radiographic Analysis
X-Ray Measurements
All radiographic measurements were made by analysts who were blinded to patient status. Twenty-one parameters were measured on each x-ray pair ( Table 1) . All x-ray measurements are reported in proportions or angles because existing x-rays could not control magnification and other details of the image acquisitions. Parameters included in the analysis plan were generated from a joint discussion among implanters, design engineers, and research scientists with experience in lead development. Parameters included measurements related to the lead (shape, location within the anatomy, or in relation to the pulse generator), the anchoring sleeve (location within the anatomy or in relation to the pulse generator), the pulse generator (location within the anatomy), patient anatomy, and implant method used. Anchoring sleeve identification was not possible in >40% of cases, and thus these parameters were excluded from further analysis. At least 2 analysts independently made all the measurements on each x-ray pair. Details regarding analyst number and selection are presented in the Appendix in the Data Supplement Gage R&R section. The median of the measurements from all analysts was used for analysis. All digitized chest x-ray images were loaded into Mimics (version 13.1, Leuven, Belgium). Both AP and lateral images were oriented in a consistent fashion. All continuous x-ray parameters were measured using a series of anatomic or device landmarks identified on AP images. The landmarks were defined manually by placing a point, line, or spline on the image at the location of the respective landmark. Landmarks defined during this process are summarized in Table I in the Data Supplement. The technique for measurement of the significant x-ray parameters is illustrated in Figure I in the Data Supplement.
All landmark objects were extracted from Mimics and brought into interactive modeling software that allows for the automation of measurements (Imageware version 13.1, Plano, TX). The automation routines involved making distance, area, arc length, centroid, and angle measurements based on input landmark objects. Differences between right-and left-sided implants were accounted for so that each could be included in the same pool and compared with one another. In addition to the continuous x-ray parameters, a lead slack score was estimated using the Ottawa Slack Scale Score. 11 Using AP and lateral image pairs, each implant was evaluated on a 5-point scale (0=no slack to 4=excessive slack). Standard clinical cases developed by one of the authors (D.B.) were used for training and reference. An ANOVA Gage Repeatability and Reproducibility analysis (Gage R&R) was performed to insure the quality of the analysis process before performance of all involved reviewers (Appendix in the Data Supplement).
Statistical Analysis
Data were analyzed using a time to failure multivariable Cox proportional hazards model with stratification. The stratification was applied to each matched pair. One-to-one matching was used. The matching factors were age, implant time, sex, and center. The ability of the model to predict fractures was measured by a modified C-index of Harrell. This modified index statistic compares subjects within a matched pair and not across the subject pairings. This was selected to adjust this statistic for the effects of the matching factors in this study. The modified statistic works as follows: fracture and control groups were compared within a matched pair. If the multivariable model estimated the fracture case to have a higher hazard than the control, then this was counted as a concordant pair, if the model estimated the control to have higher hazard than the fracture case, then this was counted as a discordant pair. A modified Harrell C index was then defined as the number of concordant pairs divided by the total number of pairs.
For all predictors, penalized splines with 2 degrees of freedom were used. The splines were used to address nonlinearity in some of the predictors. This multivariable analysis included 11 continuous covariates. All P values for the models described above were generated using Likelihood ratio tests. P<0.05 was considered significant. Patient characteristics for continuous variables were compared using a 2 sample t test, and for comparing access vein, logistic regression was used. The Pearson correlation coefficient was used for all correlation calculations. Analysis was performed with the statistical analysis software R version 2.14.2.
Parameters Included in the Multivariable Analysis
The correlation between each parameter was calculated (Appendix Table II in the Data Supplement). If the correlation between 2 parameters was ≥|0.50|, only one of those parameters was included in the multivariable model (Appendix Table III in the Data Supplement). Determination of which of 2 correlated parameters to keep in the model was done while still blinded before running the multivariable analysis. The decision as to which of 2 correlated parameters to keep was done by convening subject matter experts to make the determination. The decisions were made based on which of the correlated parameters were simpler to measure and less likely subject to measurement error. This was chosen to minimize collinearity between the covariates. The 10 remaining x-ray parameters along with the access vein were included in the multivariable analysis. In addition, simultaneous/joint testing on each of the statistically significant variables with any other moderately correlated variables (correlations between 0.2 and 0.5) was performed because collinearity does not affect the joint influence of highly correlated variables when tested simultaneously. All simultaneous tests were also highly statistically significant.
Results
Eight centers identified 133 patients and 133 matched controls for analysis ( Table 2) . Patient characteristics including all variables and x-rays within 2 weeks of implants (AP and lateral) were collected for all subjects. Average time from implant to fracture was 5.5±2.5 years. A total of 532 deidentified implant digital x-rays were analyzed independently by ≥2 blinded individuals. The data collected for all 6931 leads (single coil, active-fixation) in 22 patient pairs were not included in the multivariable analysis because of the missing data related to the absence of a superior vena cava (SVC) coil. Of the remaining 222 patients included in the analysis, 221 had a 6949 lead (dual coil, active-fixation) and 1 control patient had a 6948 lead (dual coil, passive-fixation).
Six of the 11 parameters included in the multivariable model were significantly associated with risk of fracture (Table 3) . A modified Harrell C statistic of the model was 0.80. The six significant parameters included 2 variables related to intravascular and intracardiac lead course (Ottawa slack scale score and AP lead tortuosity in vasculature), 2 related to the mediolateral and craniocaudal SVC coil location, and 2 related to pocket and pulse generator parameters (craniocaudal pulse generator location and angle of lead exit from pocket).
Lead course evaluation demonstrated that increasing slack resulted in incremental lead fracture risk (Figure 1 ). This observation was attenuated by a slight increase in hazard for leads with less slack in the vasculature. Coil location demonstrated increased hazard when the SVC coil was more cranial and when the coil was closer to the spine (Figure 2 ). When the generator was midway between the top of the lungs and the top of the right hemidiaphragm, the hazard was at the highest, with lowest hazard when the generator was in more cranially oriented locations ( Figure 3 ). Finally, the hazard increased for angles >90° as the lead exit point from the pocket moved more medially (Figure 3) .
The overall risk summary was evaluated based on all six variables ( Figure 4 ). The mean value was calculated for each of the significant risk factors for all leads (fracture and control) for each center. These mean values were inputted into the multivariable Cox model used in the primary analysis to obtain a risk score for Model prediction ability: modified Harrel C-index: 0.80. As a result of the nonlinear relationship between risk of fracture and many of the parameters, the hazard ratios are best represented by plots (see Figures 1-3 , right-most panels). AP indicates anterior posterior; and SVC, superior vena cava.
each of the centers. Five centers participated in a separate study that collected comprehensive fracture rates by center. 2 There was a clear correlation between the center's risk score from the 6 variables and their overall fracture rate, supporting the summative validity of the derived risk parameters ( Figure 5 ).
Discussion
Lead durability has become a focus in an era of quality improvement and biomedical component advisories. 3, [12] [13] [14] [15] [16] The recent focus on failure rates and related implications for the related leads has focused on patient and system characteristics that influence fracture risk. The Fidelis lead has shown wide variation in survival rate among centers in the manufacturer's CareLink PLUS study (n=21 500 Fidelis leads), implying that there are factors or combinations of factors that are not yet fully understood that result in center to center variation. 17 The overall goal of this study was to inform the overarching goal of enriching the evidence that guides the implanted device quality improvement process by including implant factors. This is intended to lead to improvements in both system design and implanter techniques to maximize system performance and durability in a quality improvement environment.
Several groups have reported that age, female sex, and vein access influence fracture risk, most notably in Fidelis leads. 2 Cephalic vein access has been associated with reduced fracture risk. Other than vein access, there has been limited focus on implant factors and their influence on subsequent system performance. We sought to determine the impact of those implant factors that were reflected on chest x-ray.
This study suggests that several implant factors influence risk in each aspect of the system insertion. The first and most readily interpreted is the 2 measures of slack on the lead. A major manifestation of fracture in Fidelis leads is conductor cable fracture in a section distal to or under the right ventricular shock coil. 17 It follows that increased slack reflected in the Ottawa slack scale would increase distal forces and increase fracture rate. Intravascular slack was protective. These observations would have been strengthened by data regarding the location of the fracture, which was not possible based on minimal return product to analyze and insufficient radiographic resolution. Despite this, it stands to reason that excess intracardiac slack increases fracture risk. It is often impractical to determine where slack will ultimately reside during a supine implant, which may seem to change when an upright chest x-ray is obtained. The dynamic nature of slack distribution is unexplored to our knowledge and a clear goal to understand the complexity of lead stress factors.
The second major observation is related to the SVC coil location, with an increased risk with medial and cranial locations. The reasons for these observations are speculative but may be related to the vectors for shear stresses, also reflected in the slack metrics. A relatively fixed SVC coil with minimal intravascular slack is likely to adhere in a location near the spine as seen on frontal x-ray as it enters the heart. This could alter the anchor for motion across the tricuspid valve and resultant section of lead distal to the right ventricular coil.
Last, a pulse generator implanted in a midway location (ie, between the top of the lungs and the top of the right hemidiaphragm) and a lead exiting the pocket more medially also increased fracture risk. This may reflect forces within the pocket that increase proximal fracture risk, leading to mechanical pressure on lead components within the pocket. Some of this may reflect a combination of factors, such as cephalic vein insertion preference, associated pocket formation or wrapping technique, and a resultant constellation of pocket and lead techniques that collectively increase risk. We evaluated the interaction of the individual risk factors and found a statistically significant relationship between vein insertion and both metrics of tortuosity/slack, as well as lead exit angle from the pocket ( Table IV in the Data  Supplement) . This supports the interpretation that a more lateral access point with a high pocket is associated with a lower fracture risk. Interpretation of relative importance of the six significant parameters, given their observed range within this study, can be done by observing the hazard plot for each. Those with largest magnitude change indicate the largest impact to the overall hazard of fracture. But interpreting the data purely from the perspective of a single significant parameter is not recommended because the overall hazard is inherently a function of the entire system.
The debate on optimal venous access technique has been ongoing for many years. 18 Modifications to a more lateral subclavian access point have reduced crush risk, along with development of axillary vein access techniques. 19, 20 There are few contemporary data comparing these newer approaches with cephalic vein access. Several studies of large datasets have not reported specifics regarding access (990, 1023, and 1317 patients). [21] [22] [23] Two of the single center Fidelis publications did have data on access vein and both studies did not find that vein was predictive. Both were likely underpowered with a total of 44 failures in the 2 studies. 9, 11 A single German study of 357 patients who received 7F implantable cardioverter defibrillator leads with 30 (8%) lead failures reported that lead access via the subclavian vein was 1of 2 independent predictors of lead failure with an odds ratio of 3.47. 24 Our previous report in 3169 leads found that both axillary and subclavian access increased the hazard of failure (P=0.007); hazard ratio for axillary was 1.94 (95% confidence interval, 1.23-3.04) and for subclavian 1.63 (95% confidence interval, 1.08-2.46). 2 This was not replicated in this study, potentially because other radiographic parameters identified the mechanical effect of vein access and resultant fracture risk or because of insufficient sample size.
The interaction of the various reported components is likely complex, and they are clearly not independent. In those sites with rigorously determined fracture rates, there was support that the combination of variables that were associated with risk was borne out in the overall fracture rate ( Figure 5 ). No single variable was necessarily solely responsible for outcome. For example, it seems that cephalic access is a preferred route for lead insertion, but the London site was a predominantly subclavian center with high pulse generator location and relatively little intravascular lead tortuosity resulting in one of the lowest overall fracture rates (site no. 1). This supports that there are many ways to achieve optimal performance and that much more work is necessary to understand the optimal implant technique to maximize system durability.
This study is limited by several factors. One such limitation is that the criteria used in the fracture definition are susceptible to false positive. The false positive rate might be higher than other published criteria when used in an implantable cardioverter defibrillator population, [25] [26] [27] [28] but this study only included leads that had already been removed from service because of clinical suspicion of fracture, thus reducing the chance of false positives.
The primarily limitation of this study is the lack of data on fracture location. This is a difficult issue to circumvent when most leads are neither extracted nor returned. A validation of the findings is desirable, ideally performed in other implant sites beyond the current study team to rigorously validate findings. Last, the Fidelis lead and its most dominant model have similarity to most other high voltage leads. The Fidelis lead had no new materials; no new crimps, welds, or joints; conductors used in prior leads in similar configurations; and passed all premarket testing requirements. In principle, however, the observations of this study strictly apply to this lead, which is diminishing in frequency with its removal from the market. 5, 29 Having said this, the inherent effects of deployment characteristics on fracture risk captured here are likely to have meaningful relevance to any intracardiac lead. This study was observational in nature and thus cannot prove causality between these x-ray measurements and the increased risk of fracture. Validation in larger populations and other lead models may inform the application of these results on a broader scale.
Conclusions
Pocket, intravascular, and intracardiac lead characteristics on chest x-rays were associated with increased risk of fracture. Implant factors have a clear impact on fracture risk and should be considered in the ongoing quality improvement process to enhance system durability. 
